It is generally believed that Bell's inequality holds for the case of entangled states, including two correlated particles or special states of a single particle. Here, we derive a single-particle Bell's inequality for a non-entangled spin state, appealing to the statistical independence condition of a locally causal hidden variable theory. We show that regardless of the locality assumption, the inequality is violated by some quantum predictions.
Introduction
After Bell derived his well-known inequality for a Bohmian version [1] of EPR [2] ( hereafter called EPRB) thought experiment and showed its inconsistensy with quantum mechanics [3] , most authors conidered local realism to be untenable, and attributed this inconsistensy to the non-locality present in nature. The entangled states, in these experiments, are assumed to play a crucial role in the derivation of Bell's inequality.
In recent years, certain generalizatons of Bell's inequality has been proposed in which locality is supposed to be violated [4] . Some people, e.g. Elitzur and Vaidman, have tried to prove non-locality without any appeal to any inequality [5] , and Hardy has extended this idea to the case of single particles [6] .
Although most of the works done on the single-particle case have been in the direction of denying locality, there has been some attempts in the opposite direction too. Works of Leggett and Garg [7] , as well as Home and Sengupta [8] are of this category. The former authors assume locality, but challenge the applicability of quantum mechanics to the macroscopic phenomena. The latters try to show that Bell's inequality is derivable as a general consequence of non-contextual hidden variable theories. To show this, they have considered an entangled wavefunction which is a superposition of two factorized states in the general form of Ψ = 2 i=1 c i u i v i , where the u i and the v i are eigenstates of the orbital and spin angular momentum of a single valence electron, respectively. In general, for every entangled state, it may be possible to derive Bell's inequality and in this sense, there exists a particular way of preparing single particle states [9] .
In our proposed experiment, however, we consider a source of microscopic particles for which the quantum state is not entangled, i.e., it is expressible as a sum of two individual states. Then we derive Bell's inequality as a consequence of the statistical independence condition for a locally causal hidden variable theory. The meaning of this condition would be made explicit in the following section.
Argument
Let us consider a primary source which emits spin 1/2 particles that are polarized along the x-axis, i.e.,
where | z+ and | z− are the two base vectors which correspond to the two eigenvectors of σ z . There is a relatively large time interval between the emission of particles. The spin components of each particle is being measured by two Stern-Gerlach apparatuses M 1 and M 2 , respectively, along the angles a at t 1 and b at t 2 ( t 2 > t 1 ), relative to the z-axis.
For simplicity we assume that the spin vector is a constant of motion between the measurements. In quantum mechanics, we represent the physical states ( spin states ) of each particle at t 1 and t 2 by | ϕ
respectively, where A, B = ±1 in units ofh/2. These individual spin states are defined as | ϕ
The probability that at t 1 we have the outcome A and at t 2 the outcome B as a result of the joint analysis of the spin components σ
. b, respectively, is
This probability depends on the state preparation of the source ( denoted by ψ 0 ) and the orientation of the Stern-Gerlach apparatuses at t 1 and t 2 . It will be abbreviated as P (t 1 ,t 2 ) (A, B| a, b, ψ 0 ), and can be derived to be
One can obtain the probabilities for the outcomes of the various measurements at t 1 or t 2 by summing both sides of (2) over appropriate parameters. In this way, the probability of having the outcome A for the first measurement at t 1 , is
Regardless of the result of the first measurement, the probability of the result σ (t 2 ) b = B in the second measurement, is
It is also obvious from the relations (2) and (3) that the conditional probability of the result B at t 2 is equal to
We can regard the preparation for the state ψ 0 and the following measurement of σ (t 1 ) a as a composite operation that corresponds to a state preparation for a new state ϕ
A . Now, one can interpret, alternatively, the relation (5) in terms of the new preparation as
The probability distributions (4) and (5) which are defined at t 2 , depend on the orientation of the measuring apparatus at t 1 . This can be explained by the correlation which exists between the statistical results of the spin components of the particle at two successive times t 1 and t 2 [10] . This correlation is due to the non-factorized form of the joint probability (1). It originates from a new state preparation of particle at t 1 , which is denoted by ϕ
in the relation (6) . There is no room for non-locality in this experiment, because, the events at t 1 and t 2 are time -like seperated, and when we measure any spin component at t 1 , there is no particle at t 2 , and the communication of information from t 1 to t 2 is done by the particle itself. Thus, the problem of non-locality does not arise. Now, we consider a locally causal hidden variable theory, as used by Bell and others [11] . In this context, we assume that the spin state of particle is described by a function of a collection of hidden variables called λ, which belongs to the space Λ. The parameter λ contains all the information which is necessary to specify the spin state of the system. Regarding the spin state of the particle, it would be possible to define the probability measures and the corresponding mean values on Λ. In this way, we can define the mean value of the product of the values of spin components for the particle at times t 1 and t 2 along a and b, respectively, as
where, ℘ (t 1 ,t 2 ) (A, B| a, b, λ) is the joint probability of the values A and B, corresponding to the spin components of particle along a at t 1 and b at t 2 , respectively. As a consequence of the principles of probability theory, the joint probability ℘ (t 1 ,t 2 ) (A, B| a, b, λ) is equivalent to the following product form
Now, we define the statistical independence condition at a hidden variable level, as the conjunction of the following two assumptions:
For definite settings of the two measuring apparatuses at t 1 and t 2 , the probability of getting a result at t 2 is independent of the result at t 1 .
The statistical results of a given measurement at t 2 is independent of the setting of the measuring apparatus at t 1 .
The assumptions C 1 and C 2 are just equivalent to the outcome and parameter independence, respectively, in Shimony's terminology [12] . The conjunction of these two assumptions leads to the factorization of the joint probability (8) , in the following form
Both the assumptions C 1 and C 2 are violated by quantum calculations, as is obvious from the relations (4) and (5) . The negation of C 1 and C 2 at the quantum level is caused by the statistical dependence of the probability functions at t 2 on the condition(s) generated as a result of the preparation made for the spin state of particle at t 1 . The validity of the foregoing assumptions in a locally causal hidden variable theory is a consequence of the fact that any information about the values of the spin components of particle at t 1 and t 2 originates from λ and is not related to the state dependence of the particle on the preparation procedure, as is the case at the quantum level.
Inserting (9) into (7), one gets
where
and
Here, E (t 1 ) ( a, λ) and E (t 2 ) ( b, λ) are, respectively, the mean values of the spin components of particle along a at t 1 , and b at t 2 .
For the definite settings of the measuring apparatuses along a or a ′ at t 1 and b or b ′ at t 2 , one can obtain Bell's inequality-in Shimony's way of deriving [12] -in the following form (11) through the probability density ρ(λ) and integrating over Λ ( Λ ρ(λ)dλ = 1), we get the following inequality at the quantum level
where, e.g., we have set the quantum expectation values as
Using the definition of σ
and the relation (2), one gets
The other quantum expectation values are similarly obtained. Now, if we choose all angles a, a ′ , b and b ′ in the xz-plane and let This can be easily violated. Thus, the statistical independence condition for a locally causal hidden variable theory leads to inconsistency with quantum predictions.
Conclusion
As it was indicated by Shrodinger [13] , the quantum entanglement is the characteristic trait of quantum mechanics. Emphasizing the significance of the quantum entanglement, Shimony argued that outcome independence is violated for any quantum state which is entangled [12] .
The entangled states lead to the correlation between different eigenvalues corresponding to the factorized eigenstates, but, it is important to notice that the meaning of correlation is not limited to the entangled states. Our demonstration shows another possibility. Here, the correlation between the statistical results of the spin components of a particle at two successive times can be referred to the statistical dependence of the probability distributions on an earlier preparation procedure. In this sense, there is a point of similarity between all the experiments concerning Bell's inequality, if one uses the state preparation point of view. The difference appears when we distinguish what kind of state preparation is the source of correlation. For quantum systems which are described by an entangled wavefunction, the correlation of the corresponding components originates from the state preparation of the primary source. In our proposed experiment, however, the correlation between the outcomes of the various measurements at t 1 and t 2 is a result of the past history of particle which is due to the preparation of a new state at t 1 ( denoted by ϕ (t 1 ) A ). If we regard the violations of Bell's inequality for any quantum system ( entangled or non-entangled ) as a consequence of the state dependence of system on the preparation conditions at a hidden variable level, the interpretation of Bell's theorem on a unique basis would be possible. Our work demonstrates the significance of such an interpretation.
